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The major histocompatibility complex (MHC) class II transactivator CIITA plays a pivotal role in the con-
trol of the cellular immune response through the quantitative regulation of MHC class II expression. We have
analyzed a region of CIITA with similarity to leucine-rich repeats (LRRs). CIITA LRR alanine mutations
abolish both the transactivation capacity of full-length CIITA and the dominant-negative phenotype of CIITA
mutants with N-terminal deletions. We demonstrate direct interaction of CIITA with the MHC class II pro-
moter binding protein RFX5 and could also detect novel interactions with RFXANK, NF-YB, and -YC. How-
ever, none of these interactions is influenced by CIITA LRR mutagenesis. On the other hand, chromatin im-
munoprecipitation shows that in vivo binding of CIITA to the MHC class II promoter is dependent on LRR
integrity. LRR mutations lead to an impaired nuclear localization of CIITA, indicating that a major function of
the CIITA LRRs is in nucleocytoplasmic translocation. There is, however, evidence that the CIITA LRRs are
also involved more directly in MHC class II gene transactivation. CIITA interacts with a novel protein of 33
kDa in a manner sensitive to LRR mutagenesis. CIITA is therefore imported into the nucleus by an LRR-
dependent mechanism, where it activates transcription through multiple protein-protein interactions with the
MHC class II promoter binding complex.

The expression of major histocompatibility complex class II
(MHC-II) molecules, which play a critical role in immune re-
sponses by presenting processed exogenous antigens to CD41

T lymphocytes, is controlled in a highly complex manner.
MHC-II molecules are expressed constitutively only on a re-
stricted set of cell types specialized in antigen presentation,
such as B lymphocytes, macrophages, and dendritic cells, where-
as MHC-II gene expression can be induced and modulated on
many other cell types by different stimuli, most prominently
gamma interferon (IFN-g) (16, 27). In humans, three MHC-II
isotypes are known, human leukocyte antigen DR (HLA-DR),
-DQ, and -DP. Expression is controlled mainly at the level of
transcription via conserved upstream sequence elements in the
proximal promoters, the W (S), X, X2, and Y boxes, which me-
diate constitutive and IFN-g-induced expression of the MHC-
II genes (reviewed in references 16 and 27).

Four essential MHC-II regulatory factors were discovered
through analysis of cell lines derived from patients suffering
from hereditary HLA class II deficiency (also known as bare
lymphocyte syndrome [BLS]), a genetically heterogeneous
disease of gene regulation, or of in vitro-generated mutant
cell lines (18, 27). These factors, called RFX5 (regulatory
factor binding to X box 5), RFXAP (RFX-associated protein),

RFXANK (RFX protein containing ankyrin repeats; also
called RFX-B), and CIITA (class II transactivator), are essen-
tial for the expression of all MHC-II genes (12, 30, 33, 44,
45). Mutations in the corresponding regulatory genes could be
identified in BLS patients in all four complementation groups.
RFX5, RFXAP, and RFXANK are components of the multi-
subunit RFX complex that binds to the X box of the MHC-II
promoter (38).

The MHC-II transactivator CIITA, the first MHC-II defi-
ciency gene identified, is the master regulator of MHC-II gene
expression (46). While RFX and the other MHC-II promoter
binding complexes such as NF-Y (nuclear factor binding to the
Y box) and X2BP (X2 box binding protein) are also present in
MHC-II-negative cells, a strictly concordant expression be-
tween CIITA and MHC-II mRNA has been observed in mul-
tiple cell lines and tissues (36, 45, 47). CIITA is the obligatory
mediator of IFN-g-induced MHC-II expression (7, 9, 47). CI-
ITA expression is both necessary and sufficient to induce ex-
pression of all MHC-II promoter-containing genes, controlling
MHC-II expression qualitatively and quantitatively, with a
nearly linear correlation between CIITA and MHC-II expres-
sion over a wide range of expression levels (6, 7, 21, 36, 47).

CIITA is probably not itself a DNA binding protein and is
believed to act in a coactivator-like fashion through protein-
protein interactions with MHC-II promoter binding proteins
(40, 42, 45, 50). Removal of the N-terminal acidic region or
both the acidic and proline-, serine-, and threonine-rich re-
gions of CIITA leads to a dominant-negative phenotype (8,
51). Efficient dominant-negative mutants have been selected
through a functional approach from a library of mutants with
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random N-terminal deletions (5). CIITA contains a tripartite
GTP binding motif, which is important for the predominantly
nuclear localization (19). A second motif involved in the nu-
clear localization was found at amino acid positions 955 to 959
(11).

The C-terminal part of CIITA contains a region showing
sequence similarity to so-called leucine-rich repeat motifs
(LRRs) (24). LRRs mediate protein-protein interactions and
are found in many different classes of proteins (24). We dem-
onstrate here that the LRRs of CIITA are essential for its
function. By CIITA LRR alanine scanning mutagenesis we
identified a number of residues in which single alanine ex-
changes completely abolish CIITA function. CIITA interacts
with at least four MHC-II promoter binding proteins, but these
interactions are not affected by LRR mutagenesis. On the
other hand, in vivo recruitment of CIITA to the MHC-II pro-
moter binding complex is dependent on the integrity of the
LRRs. Immunofluorescence analysis revealed that LRR mu-
tagenesis leads to an impaired nuclear localization of CIITA,
demonstrating that a major role of the CIITA LRRs is in
protein transport. However, the observation of one particular
mutant (MT1) that is still recruited to the promoter without
activating MHC-II gene expression reveals that the CIITA LRRs
might also have a function within the nucleus. A first indication
of a CIITA LRR-interacting protein was obtained by coimmu-
noprecipitation.

MATERIALS AND METHODS

Cells and cell culture. Raji (ATCC CCL-86) is a human MHC-II-positive
Burkitt lymphoma cell line; RJ2.2.5 is a CIITA-deficient, MHC-II-negative cell
line derived from Raji (1, 45). Both cell lines were grown in RPMI 1640 medium
supplemented with 2 mM L-glutamine, 10% fetal calf serum, 10 U of penicillin/
ml, and 10 mg of streptomycin/ml. HEK293-EBNA (Invitrogen) is a CIITA-
negative embryonal human kidney cell line, and was grown in Dulbecco’s mod-
ified Eagle medium, supplemented as described above. Cells were grown at 37°C
in a humidified, 7.5% CO2 atmosphere.

Transfections. Burkitt lymphoma cells were transfected by electroporation as
described previously (45). Transfected cells were selected with hygromycin B
(Calbiochem) at 200 mg/ml and were cultivated under the constant presence of
hygromycin. Hygromycin-resistant cells were analyzed in bulk without sorting or
cloning. HEK293-EBNA cells were transfected by calcium phosphate precipita-
tion and analyzed 3 days after transfection.

Expression vectors. The Epstein-Barr virus episomal expression vectors EBO-
76PL, with a simian virus 40 (SV40) early promoter, and EBS-PL, with an SRa
promoter (49), have been described previously (5, 43). They contain a hygromy-
cin resistance gene for antibiotic selection in mammalian cells. The CS21MT
vector, a gift from R. Rupp, contains a cytomegalovirus IE enhancer/promoter
and six N-terminal copies of the myc epitope (41).

CIITA alanine mutants. CIITA alanine mutants were created by a two-step
PCR procedure. The template (KS-BBN-CIITAshort, a full-length CIITA gene
open reading frame with a deleted 39-untranslated region) was amplified in a
standard PCR with the 59 primer F14 (CIITA gene nucleotide positions 2792 to
2812) and a mutagenic 39 primer. The second PCR was performed with the
purified PCR product as a megaprimer, a CIITA gene construct with a deleted
binding site for the 59 primer as a template, primer F14, and a 39 primer down-
stream of the CIITA gene stop codon. The PCR product was isolated and
subcloned, and the mutations were verified by sequencing. Sequences of primers
and PCR conditions are available upon request.

cDNA expression constructs. CS21MT-RFX5 contains RFX5 from amino
acid position 194 (44) in frame with the six myc epitopes. This RFX5 construct
is similar to the one used by Scholl and colleagues (42). Full-length OBF-1 (48),
a gift from M. Strubin, was cloned into EBO-76PL. EBO-RFXANK has been
described (30). CS21MT-RFXAP was created by inserting full-length RFXAP
into the CS21MT vector in frame with the six myc epitope tags (12). CS21MT-
NF-YA, -YB, and -YC were generated by reverse transcription-PCR using Raji
cDNA as a template. Full-length open reading frames were cloned into the
CS21MT vector in frame with the six myc epitope tags. KEBS-PL-NLS-L102
and KEBS-PL-NLS-L335 have been described (5). EBO-76PL-EGFP and EBS-
PL-EGFP were created by inserting enhanced GFP-N1 (EGFP-N1) (Clontech)
into EBO-76PL and EBS-PL. EGFP-CIITA is an N-terminal fusion of EGFP to
the second in-frame ATG of CIITAshort with the connecting sequence KQ-
CATM (the last amino acids of EGFP and the first of CIITA are underlined).
The CIITA part in this fusion protein corresponds to the naturally occurring
form IV of CIITA (32). EGFP-CIITA shows wild-type activity for MHC-II

transactivation (C. Kammerbauer, S. B. Hake, and V. Steimle, unpublished
data).

Antibodies and FACS analysis. Cell staining and fluorescence-activated cell
sorter (FACS) analysis were performed as described previously (45). One million
cells were stained with the following antibodies at the indicated dilutions: HLA
class II DR-specific D1.12 (1), 1:250; DQ-specific SPV-L3 (Serotec), undiluted;
rabbit anti-mouse fluorescein isothiocyanate-labeled secondary antibody (Sero-
tec), 1:100. Cells transfected with EGFP fusion constructs were stained with
monoclonal anti-human HLA-DR antibody coupled to Quantum Red (clone
HK14; Sigma), at a dilution of 1:200. Staining and analysis were performed on
live cells. Dead cells were excluded from the analysis by their forward and
sideways light scatter properties and, where possible, by staining with propidium
iodide.

The following antibodies for the Western blot analysis were used at the
indicated concentrations. The primary antibodies were polyclonal rabbit anti-
human CIITA serum 20, diluted 1:4,000 (5), polyclonal rabbit anti-human RFX-
ANK serum, diluted 1:4,000 (30), polyclonal rabbit anti-human OBF-1 serum,
diluted 1:2,000 (48), and monoclonal mouse anti-myc, diluted 1:2,000 (Santa
Cruz Biotechnology). Secondary antibodies were polyclonal sheep anti-mouse
horseradish peroxidase-linked antibody, diluted 1:10,000 (Amersham), and poly-
clonal donkey anti-rabbit horseradish peroxidase-linked antibody, diluted
1:10,000 (Amersham). The antibodies for the immunoprecipitation assay were
used in the following amounts: 4 mg of monoclonal mouse anti-green fluorescent
protein (GFP) (clones 7.1 and 13.1; Roche) and 10 ml of polyclonal rabbit
anti-GFP (Clontech).

Protein extracts and Western blot analysis. Total protein was extracted from
107 cells (5). Sodium dodecyl sulfate (SDS)-polyacrylamide gels (7.5 or 15%)
were loaded with 100 mg of total protein. After gel electrophoresis, the proteins
were semidry blotted onto a polyvinylidene difluoride membrane (Immobilon-P;
Millipore). The membrane was washed once with phosphate-buffered saline
(PBS) containing 0.5% Tween 20 (Sigma) and then blocked for 30 min with
blocking solution (Roche). The first antibody was added, and the membrane was
incubated for 45 min. The membrane was washed three times with PBS contain-
ing 0.5% Tween 20 and then blocked again and incubated with the second,
peroxidase-labeled, antibody. After being washed, the membrane was incubated
with ECL-Plus substrate solution (Amersham) and the proteins were detected by
exposure to X-ray film (Hyperfilm; Amersham).

Immunoprecipitations. (i) Protein G-agarose. Fifty microliters of the total
protein lysates was mixed with WP-1 buffer (Roche) to a final volume of 1 ml.
Packed protein G-agarose (Roche) was resuspended in 10 volumes of WP-1
buffer. For preclearing, the solution was incubated for 3 h with 100 ml of protein
G-agarose. After centrifugation (13,000 3 g, 4°C, 30 s), the supernatant was
incubated with the appropriate antisera for 1 h. Immunocomplexes were precip-
itated overnight using 200 ml of protein G-agarose at 4°C. The complexes were
washed three times with WP-1 for 30 min, three times with WP-2, and twice with
WP-3 (Roche). Proteins were resolved by electrophoresis and revealed by West-
ern blotting.

(ii) Dynabeads. Dynabeads (100 ml) coated with anti-rabbit antibody (Dynal)
were washed three times with WP-1 buffer and incubated overnight at 4°C with
anti-GFP antibodies (Roche) in WP-1 buffer. The beads were washed twice with
WP-1 buffer and incubated with 50 ml of the total protein lysates at 4°C in WP-1
buffer for 3 h. Washes were performed on a magnet; all other treatments and
buffers were as described above.

Chromatin immunoprecipitation. Chromatin immunoprecipitations were car-
ried out, with modifications described previously (31), according to a protocol
provided by J. Wells and P. Farnham (University of Wisconsin). Briefly, 3
days after transfection with the different EGFP-CIITA constructs, 70 million
HEK293-EBNA cells per transfection were cross-linked with 1% formaldehyde
for 5 min at room temperature. Cross-linking was stopped with 0.125 M glycine.
After being washed in PBS, cells were lysed in Tris-EDTA (TE) buffer containing
protease inhibitors and 0.5% NP-40. Nuclei were pelleted by centrifugation and
resuspended in nucleus lysis buffer (TE buffer containing 0.5 M NaCl, 1% Triton
X-100, 0.5% sodium deoxycholate, and 0.5% sarcosyl). After centrifugation,
chromatin was resuspended in 1 ml of immunoprecipitation buffer (20 mM
Tris-HCl [pH 8.0], 200 mM NaCl, 2 mM EDTA, 0.1% SDS, 1 mM phenylmeth-
ylsulfonyl fluoride), sheared by sonication to an average length of 500 to 800 bp
and stored in aliquots at 270°C. Immunoprecipitation was carried out with the
equivalent of 107 cells per immunoprecipitation at room temperature in the
presence of protease inhibitors. Input of similar amounts and quality of chro-
matin was verified by gel electrophoresis. For each immunoprecipitation 100 ml
of rat anti-mouse immunoglobulin G-coupled magnetic beads (Dynal) was pre-
incubated overnight with 4 mg of GFP-specific monoclonal antibodies (Roche)
and washed before use. The chromatin preparation was supplemented with 1 mg
of bovine serum albumin BSA, 100 mg of tRNA, and 50 mg of salmon testis
DNA/ml and incubated with the bead-coupled antibodies for 3 h at room tem-
perature. All washes were carried out on a magnet. Beads were washed three
times each for 10 min with immunoprecipitation buffer, with immunoprecipita-
tion buffer with 500 mM NaCl, and with immunoprecipitation buffer with 20 mM
Tris-HCl, pH 8.0, 0.25 M LiCl, 2 mM EDTA, and 0.5% NP-40 and once in TE
buffer containing 0.1% NP-40. Beads were resuspended in 200 ml of elution
buffer (100 mM Tris-HCl [pH 8.0], 200 mM NaCl, 0.5% SDS, 100 mg of pro-
teinase K/ml) and incubated for 1 h at 50°C, followed by 10 min at 65°C.
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Cross-linking of the chromatin supernatant was reversed overnight at 65°C. After
phenol-chloroform extraction and precipitation, DNA was resuspended in 25 ml
of TE and used for PCR and slot blot hybridization. DNA isolated from the
unbound chromatin supernatant of the GFP transfectant after immunoprecipi-
tation was resuspended in 250 ml of TE and used as a positive control. PCR was
carried out under standard conditions with a primer pair spanning the DRA
promoter (DRA-PForw., 59CTTGATTTGTTGTTGTTGTTGTC; DRA-PRev.,
59CTTTTGGGAGTCAGTAGAGC) and with 1 ml of immunoprecipitation ma-
terial per reaction. Unspecific DNA precipitation was quantified by slot blot
hybridization with an Alu repeat probe.

Radioactive labeling of cells. Forty-eight hours after transfection HEK293-
EBNA cells were incubated for 2 h in modified Eagle medium (Gibco) without
methionine. After being washed, the cells were incubated overnight in the same
medium supplemented with 50 mCi of [35S]methionine (Amersham)/ml. The
cells were then lysed, and total protein was isolated, immunoprecipitated, and
resolved by SDS-polyacrylamide gel electrophoresis (PAGE) as described above.
Dried gels were exposed to X-ray film (X-OMAT AR; Kodak).

Fluorescence microscopy analysis. HEK293-EBNA cells were grown and
transfected on glass coverslips. After 48 h transfected cells were fixed for 10 min
in 3% paraformaldehyde-PBS and stained for 10 min in 2 mg of bis-benzimidine–
methanol/ml. The stained cells were analyzed and photographed on a Zeiss
Axioskop microscope equipped with a cooled charge-coupled device camera
(Hamamatsu). Image processing was carried out with the OpenLab (Improvi-
sion) and Photoshop (Adobe) software packages.

RESULTS

Alanine scanning mutagenesis of CIITA LRR sequences.
The crystal structure of the RNase inhibitor (RI), which con-
sists almost entirely of LRRs, is a horseshoe-shaped structure
with a large inner surface composed of solvent-exposed paral-
lel b-strands. The b-strands are connected via loop regions to
the backbone-forming a-helices. The substrate RNase A is
bound in the central cavity via numerous amino acid contacts
leading to one of the strongest protein-protein bonds on record
(22, 24, 25).

In an attempt to develop a rational basis for a mutational
analysis of the CIITA LRRs, we asked the question whether
the contact positions between the RI and its substrate (25) are
found predominantly at certain positions within the individual
repeats. Identification of the contact positions of the RI in an
alignment of the alternating A-type and B-type repeats of the
RI indicates that contact points are only found in the b-strands
and loop regions of the repeats (Fig. 1A). Contact points in the
b-strands are confined to positions interspersed with the highly
conserved structural residues. In the last two repeats, the loop
regions contribute strongly to the binding in addition to the
b-strand regions. The lower part of Fig. 1A shows the align-
ment of the CIITA LRRs with those of the RI. CIITA shows
a better homology to the B-type repeats, due to the conserved
asparagine at position 10 of the repeat. By combining the
contact positions of both types of RI repeats, we identified nine
potential contact positions in each CIITA LRR unit.

The functional significance of these consensus LRR posi-
tions was tested by alanine scanning mutagenesis of the corre-
sponding CIITA residues. The relevant positions were first
mutated in groups of two to four residues at a time (Fig. 1B).
The resulting 13 CIITA mutants were stably transfected into
the CIITA-deficient Burkitt lymphoma B-cell line RJ2.2.5 (1,
45). Nine of the 13 mutants completely lacked CIITA transac-
tivation of HLA-DR, as shown by flow cytometry (Fig. 2A
and 1B). Transient transfection of CIITA-negative HEK293-
EBNA cells yielded similar results (data not shown). Levels of
mutant protein expression were generally not affected (Fig.
2C); only mutants MT2 and MT11 showed reduced stability,
especially when fused to GFP (Fig. 2C and 6A; data not
shown). The multiple-alanine mutants demonstrated the func-
tional importance of all four loop regions and of the b-regions
of repeats two and four (Fig. 1B).

Next, 25 single-alanine mutants, covering all potentially im-
portant positions revealed by experiments with the multiple-

alanine mutants, were generated (Fig. 1C). Transfection of
these mutants into RJ2.2.5 and HEK293-EBNA cells identified
seven CIITA mutants in which HLA class II activation was
completely abolished (Fig. 2B and 1C; data not shown). As
before, levels of expression of mutant proteins that had lost

FIG. 1. Generation of CIITA LRR alanine mutants. (A) Alignment of RI
with the LRRs of CIITA. The alternating A- and B-type repeats of porcine RI
(accession no. P10775) are aligned separately on the upper left and right sides.
Amino acids that are in contact with the substrate RNase A are indicated as
follows: those involved in van der Waals interactions are shaded, and those
participating in hydrogen bond formation are in lowercase (25). The consensus
sequences of the RI repeats are shown below the RI sequence, and positions
participating in substrate binding are shaded. The LRR regions of human CIITA
(amino acid positions 988 to 1097) are at the bottom. Potential contact positions
were combined from both types of RI repeats, and the corresponding positions
in CIITA are shaded. (B) CIITA LRR multiple-alanine mutants. At the top the
RI B-type repeat consensus (cons.) sequence is shown. Compiled contact posi-
tions are indicated together with the delimitation of b-strand-, loop-, and a-he-
lical regions. The positions of the multiple alanine mutations are indicated by
circles. The names of the mutants are indicated on the left. Open circles, muta-
tions without effect on CIITA function; solid circles, mutations leading to a loss
of CIITA transactivation activity (see Fig. 2A). (C) CIITA LRR single-alanine
mutants. Solid circles, mutations which abolish CIITA function in single-alanine
mutants (see Fig. 2B); open circles, mutations without effect in single-alanine mu-
tants. The single alanine mutations are identified by their amino acid positions.
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transactivation capacity were at least equal to the average level
for all 25 mutants (Fig. 2D). Two of the mutations target the
highly conserved asparagine at position 10 of repeats three and
four (N1054, N1082), whereas the other 5 mutations are lo-
cated at positions 1 or 3 of the IxD loop motif of the CIITA
LRRs (Fig. 2B and 1C). In the region of the b-strands no single
alanine exchange was able to abolish CIITA function. The
results of the alanine mutagenesis of CIITA LRRs are sum-
marized in Fig. 1B and C.

Interaction of CIITA with subunits of the MHC-II promoter
binding complexes. The major function of LRRs is protein-
protein interaction (23, 24). We therefore wanted to know
whether CIITA interacts with known MHC-II promoter bind-
ing proteins and whether the CIITA LRRs play a role in these
interactions. Analysis was carried out by coimmunoprecipita-
tion of native and epitope-tagged proteins cotransfected into
HEK293-EBNA cells. Scholl and colleagues (42) had shown an
interaction between CIITA and RFX5, the 75-kDa subunit of
the RFX complex, in a yeast two-hybrid assay and by far-
Western analysis. As shown in Fig. 3A, immunoprecipitation of
CIITA leads to precipitation of a cotransfected RFX5 con-
struct (lane 6). Precipitation of RFX5 is strictly dependent on
the presence of CIITA as shown by the different controls
(lanes 1 to 5). The LRR regions of CIITA do not seem to play
an important role in this interaction since all CIITA multiple-
alanine mutants precipitated RFX5 as well as the wild-type
construct (Fig. 3A, lanes 7 and 8, and data not shown). CIITA
also bound to RFXANK (Fig. 3B, lane 6), but again this in-
teraction was not affected by CIITA LRR mutagenesis (Fig.
3B, lanes 7 and 8, and data not shown). No interaction between
CIITA and RFXAP, the 36-kDa subunit of the RFX complex
(12), could be detected (data not shown).

The binding of CIITA to the three subunits of NF-Y, NF-
YA, YB, and YC, was also tested. Immunoprecipitation was
carried out with paramagnetic beads due to background prob-
lems of NF-Y precipitations with protein G-agarose (data not

FIG. 2. FACS analysis of CIITA LRR alanine mutants. (A) Multiple-alanine
mutants. Wild-type and mutant CIITA cDNAs in the episomal expression vector
EBS-PL were transfected into the CIITA-deficient cell line RJ2.2.5 and analyzed
in bulk for HLA-DR expression by FACS after 2 weeks of antibiotic selection.
The mutants are presented in N-terminal-to-C-terminal order (see also Fig. 1B).
(B) Single-alanine mutants. All seven mutants with mutations which abolish
CIITA function and two mutants with mutations without effect are shown.
Mutations are identified by their amino acid positions (see also Fig. 1C). (C)
Protein expression analysis of CIITA LRR multiple-alanine mutants. CIITA
cDNA expression constructs were transfected into HEK293-EBNA cells, and
transient protein expression was analyzed by Western blotting with a CIITA-
specific antiserum. The blot shows two independent transfections for each con-
struct. The two major bands of CIITA correspond most probably to products
resulting from initiation at the first and second AUGs of the CIITA cDNA, form
III (32, 45), used here. (D) Protein expression analysis of CIITA LRR single-
alanine mutants. Only the mutants that have lost their transactivation potential
are identified individually; the others are indicated by a horizontal bar.
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shown). Both NF-YB and NF-YC, but not NF-YA, could be
coimmunoprecipitated with CIITA (Fig. 3C and D and data
not shown). As before, these interactions were not influenced
by any of the LRR multiple-alanine mutations (Fig. 3C and D,
and data not shown). Interactions of CIITA with TAFs or
CREB binding protein (CBP) were not tested. These take
place in the N-terminal region of CIITA (14, 15, 26, 28) and
were therefore not expected to be influenced by LRR mu-
tagenesis.

CIITA has also been reported to interact with the B-cell-
specific coactivator OBF-1 (also called Bob1 and OCA-B) (13,
48). We could not detect any interaction between these two
proteins in our coimmunoprecipitation assay (data not shown).
Furthermore, we could not detect any cooperativity between
OBF-1 and CIITA for HLA-DR induction in cotransfection
assays of HEK293-EBNA and HeLa cells, which do not ex-
press endogenous OBF-1 (S. B. Hake and V. Steimle, unpub-
lished data).

LRR mutations abolish the dominant-negative phenotype of
CIITA mutants. Dominant-negative CIITA mutants presum-
ably act by competing with wild-type CIITA for interaction
with MHC-II promoter binding complexes. We wanted to test
whether this effect is also impaired by CIITA LRR mutagen-
esis. CIITA LRR and dominant-negative mutants were co-
transfected with equal amounts of wild-type CIITA into
HEK293-EBNA cells, and transient HLA class II expression
was analyzed by flow cytometry (Fig. 4A). Dominant-negative
CIITA mutants affect the mRNA expression of all three class
II isotypes equally, but the effect at the cell surface is strongest
for HLA-DQ (5). We therefore used an HLA-DQ-specific
antibody for the analysis. A comparison with different domi-
nant-negative CIITA mutants, which we had generated earlier
(5), showed that even the effect of a weak dominant-negative
mutant such as NLS-L102 can be detected in this assay (Fig.
4A, top). None of the multiple-CIITA LRR mutants showed
any dominant-negative effect (Fig. 4A, middle, and data not
shown). Next, the LRR mutations of CIITA-MT5, -MT7, and
-MT10 were introduced into the backbone of the very strongly
dominant-negative mutant with N-terminal deletions, NLS-
L335 (5), and were tested in the same assay (Fig. 4A, bottom).
CIITA LRR mutations completely abolished the dominant-
negative phenotype of NLS-L335, indicating that the CIITA
LRRs are essential not only for transactivation but also for the
dominant-negative function of CIITA.

In vivo recruitment of CIITA to the MHC-II promoter is
dependent on the integrity of the CIITA LRRs. Abolition of
the CIITA dominant-negative phenotype by LRR mutagenesis
indicated that the LRRs might be essential for recruitment of
CIITA to the MHC-II promoter. This hypothesis was tested
directly by chromatin immunoprecipitation (34, 35). HEK293-
EBNA cells transiently transfected with EGFP or with wild-
type or LRR-mutated EGFP-CIITA constructs were cross-
linked in vivo with formaldehyde. All transfectants expressed
similar amounts of the EGFP-CIITA fusion proteins as shown
by GFP fluorescence (data not shown). Sonicated, cross-linked
chromatin was immunoprecipitated with GFP-specific mono-
clonal antibodies, and precipitation of a DRA promoter frag-
ment was revealed by PCR amplification (Fig. 4B). Wild-type
EGFP-CIITA coimmunoprecipitated the DRA promoter
DNA (Fig. 4B, lane 2) thus demonstrating that CIITA indeed

FIG. 3. Coimmunoprecipitation of CIITA and MHC-II promoter binding
proteins. (A) CIITA and RFX5. EGFP-CIITA and Myc-RFX5 were transfected
individually or together into HEK293-EBNA cells and immunoprecipitated with
an anti-GFP serum. Coprecipitated RFX5 was detected with a myc antibody in
a Western blot analysis. Lane 6, cotransfection of CIITA and RFX5; lanes 1 to
5, controls. All CIITA multiple-alanine mutants coprecipitated RFX5 (lanes 7
and 8; data not shown). Lanes 10 and 11, Western blot controls of the material
used in lanes 5 and 6, respectively; lane 9, molecular weight standard. (B) CIITA
and RFXANK. Interaction between EGFP-CIITA and RFXANK was analyzed
as for RFX5 with the exception that unmodified RFXANK was transfected and
that an RFXANK-specific polyclonal antiserum was used for detection. Again,
all CIITA multiple-alanine mutants coimmunoprecipitated RFXANK (lanes 7
and 8; data not shown). The band detected in the EGFP-CIITA Western blot
control (lane 10) migrates below that of RFXANK and is therefore nonspecific.
(C and D) CIITA and NF-YB and NF-YC. Immunoprecipitations were carried
out here with a GFP-specific serum and Dynabeads. The calculated molecular

masses for the various constructs are as follows: Myc6-RFX5, 62 kDa; RFXANK,
29 kDa; Myc6-NF-YB, 33 kDa; Myc6-NF-YC, 47 kDa. Arrowheads, positions of
bands of the expected sizes.
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contacts this promoter in vivo. In contrast, promoter binding is
strongly reduced or absent in most CIITA LRR mutants (lanes
4 to 6). Only EGFP-MT1 showed a clear, if reduced, associa-
tion with the promoter (lane 3). In the experiment shown here,
EGFP-MT5 (lane 4) also gave rise to a weak DRA promoter
signal. In a second immunoprecipitation experiment the signal
for EGFP-MT1 was found to be comparable to that for wild-
type CIITA, whereas EGFP-MT5-, -MT10-, and -MT13-depen-
dent amplification was at background levels (data not shown).
Levels of nonspecific DNA precipitation were analyzed by slot
blot hybridization with an Alu repeat probe and were found to
be similar in the different samples (data not shown). These
experiments demonstrate that CIITA is physically associated
with the MHC-II promoter in vivo and that this interaction is
dependent on the integrity of the CIITA LRRs.

LRR function is essential for nuclear localization of CIITA.
The preceding experiments had led to an apparent contradic-
tion: on the one hand CIITA LRRs were found to be essential
for transactivation, dominant-negative function, and in vivo

promoter occupation; on the other hand the multiple interac-
tions of CIITA with MHC-II promoter binding proteins were
not influenced by LRR mutagenesis. These observations could
best be explained by a function of the CIITA LRRs which
is only indirectly associated with promoter occupation, for
example, nuclear translocation. Wild-type or LRR-mutated
EGFP-CIITA constructs were therefore transfected into
HEK293-EBNA cells and analyzed 48 h later by fluorescence
microscopy (Fig. 5). As expected (11, 19), wild-type CIITA
showed a mostly nuclear staining. In contrast, all multiple-
LRR mutants showed impaired nuclear translocation, whether
they were still functional or not (Fig. 5, and data not shown).
The transactivation-competent mutants EGFP-CIITA-MT4
and -MT6 displayed clear nuclear staining when cells with the
lowest detectable GFP expression levels were analyzed (Fig.
5), but the other two transactivation-competent mutants
(EGFP-CIITA-MT8 and -MT9) were indistinguishable from
the nonfunctional mutants in this respect. These results indi-
cate that the CIITA LRRs are important for nuclear localiza-
tion of the protein. However, when mutant EGFP-MT1, which
was still recruited to the promoter despite having lost its trans-
activation potential, is taken into consideration, it is most likely
that the LRRs are also of functional importance for CIITA
bound to the MHC-II promoter. The localization data shown
here were found to be reproducible in numerous experiments
and were also confirmed with Vero and COS cells (data not
shown). Mutants EGFP-MT2 and EGFP-MT11 were not an-
alyzed because of their instability (Fig. 6).

Coimmunoprecipitation of a CIITA LRR-associated protein
from in vivo-labeled extracts. The coimmunoprecipitation data
and fluorescence microscopy experiments had indicated that
the CIITA LRRs are involved in a function distinct from pro-
moter binding. We therefore wanted to see whether the CIITA
LRRs bind to as yet unknown proteins and whether this inter-
action is sensitive to LRR mutagenesis. HEK293-EBNA cells
transfected with wild-type or LRR-mutated EGFP-CIITA con-
structs were labeled metabolically with [35S]methionine, and
the CIITA proteins were immunoprecipitated via the EGFP
epitope tag (Fig. 6).

Immunoprecipitations were resolved by 7.5 or 15% SDS–
PAGE and analyzed by autoradiography. Figure 6A shows
a 15% gel in which a CIITA-dependent immunoprecipitated
protein band of 33 kDa is visible. Several additional bands are
detectable in the higher-molecular-weight range, but these are
present in cells expressing either wild-type CIITA or LRR
alanine mutants. Resolving these immunoprecipitations on
7.5% gels did not lead to the detection of additional, differen-
tially associated bands (data not shown). The 33-kDa protein
was coimmunoprecipitated with the nonfunctional mutant
EGFP-MT1 (Fig. 6A, lane 3) and, with somewhat reduced
efficiency, with the still-functional CIITA LRR mutants EGFP-
MT4, -MT6, -MT8, and -MT9 (Fig. 6B). On the other hand,
precipitation of p33 is not at all or very faintly detectable in
cells transfected with the other nonfunctional mutants and in
cells transfected with EGFP alone (Fig. 6A), thus establishing
a strong correlation between p33 binding and CIITA function.

DISCUSSION

In the initial sequence analysis of CIITA we had detected a
weak homology in the C-terminal part to Rna1, a yeast protein
rich in leucines (45). Kobe and Deisenhofer (25) noted that
this region of CIITA contains two LRRs, thus identifying what
we now recognize as CIITA LRRs 2 and 3 (Fig. 1). LRRs 1 and
4, which do not fit the LRR consensus sequence perfectly, were
identified in a dot plot comparison of the CIITA sequence with

FIG. 4. In vivo recruitment of CIITA to the MHC-II promoter. (A) CIITA
LRR mutations abolish dominant-negative effect. Plasmids encoding CIITA
LRR mutants were cotransfected with equal amounts of wild-type CIITA plas-
mid in HEK293-EBNA cells, and HLA-DQ expression was analyzed 72 h later.
(Top) Open profile, results for cells transfected with empty vector alone; shaded
profiles, cotransfection of CIITA wild-type cDNA either with empty vector (left;
this profile is used as an overlay for comparison in the middle and bottom
portions and is shown there as a solid line), a weak dominant-negative CIITA
mutant, NLS-102 (middle), and a strongly dominant-negative mutant, NLS-L335
(right; this profile is shown in an overlay for comparison in the middle and lower
portions as a dashed line). (Middle) CIITA-MT5, -MT7, and -MT10 (shaded
profiles) were cotransfected with wild-type CIITA and analyzed as described
above. (Bottom) The LRR alanine mutations of MT5, MT7, and MT10 (shaded
profiles) were introduced into the N-terminal deletion mutant NLS-L335 and
analyzed as described above. (B) CIITA LRR mutations impair the in vivo
recruitment of CIITA to the HLA-DRA promoter. Transient transfectants of
wild-type and LRR-mutated EGFP-CIITA constructs in HEK293-EBNA cells
were cross-linked in vivo with formaldehyde, and cross-linked protein-chromatin
complexes were immunoprecipitated with GFP-specific monoclonal antibodies.
Precipitation of the HLA-DRA promoter was analyzed by PCR amplification.
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itself (data not shown). A first indication that this region of
CIITA is functionally important came from the analysis of a
CIITA allele in the CIITA-deficient patient cell line BCH (4),
in which most of LRR 4 of CIITA is deleted (amino acids 1079
to 1106). Both this mutant and one with a complete C-terminal
deletion of the LRRs (from position 980) have no transactiva-
tion or dominant-negative potential and abolish the dominant-
negative phenotype of CIITA constructs with N-terminal de-
letions (4, 5).

These observations encouraged us to examine the LRR-
containing region of CIITA by alanine scanning mutagenesis.
Analysis of the RI contact positions in the RI-RNase A com-
plex (25) allowed us to identify potential consensus LRR con-
tact positions (Fig. 1A). The complete loss of function of nine
multiple-CIITA LRR alanine mutants indicated the functional
importance of all four loop regions and of the b-strands of
repeats 2 and 4 (Fig. 1B and 2A). Mutants with single-alanine
mutations of the corresponding positions led to the identifica-
tion of seven functionally critical residues (Fig. 1C and 2B).
Five of these mutations are located at positions 1 and 3 of a
conserved IxD motif in the loop regions (Fig. 1C). The loca-
tions of functionally critical CIITA LRR positions strongly
suggest that CIITA is a bona fide LRR protein.

Our findings may have wider implications for the structure
and function analysis of other LRR proteins. Papageorgiou
and colleagues (37) analyzed the structure of the complex
between human RI (hRI) and angiogenin (Ang), another
member of the pancreatic RNase superfamily of proteins
which are bound by RI. While 10 out of 26 RI contact positions
differ in the hRI-Ang complex from those in the porcine RI-
RNase A complex, they all are located within the consensus
binding positions identified here. The fact that single alanine
mutations can completely abolish protein-protein interaction is
not astonishing. It has been shown that in most protein-protein
interactions only very few contact positions, so-called hot
spots, account for the majority of the binding energy (3, 10).
Strategies similar to ours may be useful for the identification of
LRR hot spots in other LRR proteins.

Through its overall control of MHC-II expression CIITA
has a strong impact on the cellular immune response. The
CIITA LRR hot spots identified here provide now precise
target sites for the development of agents that inhibit MHC-II
expression and thus suppress the immune response.

LRRs are known as protein-protein interaction domains;
therefore we wanted to know whether CIITA interacts with
MHC-II promoter binding proteins directly and whether the
CIITA LRRs play a role in these interactions. We could detect
coimmunoprecipitation of CIITA not only with RFX5 as
shown earlier (42) but also for the first time with RXANK and
with the NF-Y subunits NF-YB and NF-YC (Fig. 3). While the
interactions demonstrated here are specific as shown by the
stringent controls in Fig. 3, lanes 1 to 5, they are quite weak
and could only be shown through overexpression of both in-
teraction partners (data not shown). Indeed, at physiological
levels of protein expression these interactions could not be
demonstrated individually, but only in the form of a DNA-
bound multiprotein complex (31). We could not detect any
interaction of CIITA with RFXAP or NF-YA or with OBF-1
(Bob1, OCA-B), a factor which had been reported earlier to

FIG. 5. Subcellular localization of CIITA LRR mutants. HEK293-EBNA
cells were transfected with wild-type (wt) or LRR-mutated EGFP-CIITA con-
structs as indicated and analyzed 48 h later. Left, GFP fluorescence; right,
nuclear staining with bis-benzimidine. The lower images of EGFP-MT4 and
-MT6 show cells with a very low level of GFP fluorescence.
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interact with CIITA (13). The fact that we do not observe
indirect binding of RFXAP or NF-YA to CIITA via the two
other subunits of the respective complexes is a strong indica-
tion that we are detecting direct protein-protein interactions in
our coimmunoprecipitation system.

The importance of the LRRs for recruitment of CIITA to
the MHC-II promoter was demonstrated indirectly through
abolition of the CIITA dominant-negative function and di-
rectly through chromatin immunoprecipitation (Fig. 4). CIITA
LRR alanine mutants showed no dominant-negative pheno-
type on their own. More importantly, the introduction of the
corresponding LRR mutations into a strongly dominant-neg-
ative CIITA mutant (NLS-L335) completely abolished its
dominant-negative phenotype (Fig. 4A). Chromatin immuno-
precipitation experiments with in vivo-cross-linked CIITA
transfectants demonstrated that wild-type CIITA is efficiently
recruited to the MHC-II promoter (Fig. 4B). This interaction
is severely reduced or absent for most of the nonfunctional
mutants. Only MT1 behaves differently and is recruited to the
HLA-DRA promoter to a substantial degree. Immune fluores-
cence analysis of chimeric EGFP-CIITA constructs demon-
strated that the LRRs are important for the subcellular local-
ization of CIITA. All EGFP-CIITA LRR multiple-alanine
mutants showed impaired nuclear translocalization (Fig. 5).
Metabolic labeling and immunoprecipitation identified a 33-
kDa protein (p33) that associates with CIITA in an LRR-
dependent manner (Fig. 6).

One of the main functions of the CIITA LRRs appears
therefore to be nuclear import or localization of CIITA. Three
distinct sequence elements which are important for nuclear
localization have now been identified in CIITA, though none
of them appears to be a classical nuclear localization signal
(NLS). A five-amino-acid RDLKK motif just N-terminal of the
LRRs (amino acid positions 955 to 959) can confer nuclear
localization to GFP but cannot be replaced by a SV40 NLS,
nor can it be transferred to another position in CIITA (11).

Both features are hallmarks of the classical NLS. It has re-
cently been shown that the GTP-binding domain of CIITA is
also necessary for nuclear localization (19). GTP-binding pro-
teins are essential for nucleocytoplasmic transport, and GTP
hydrolysis is normally carried out by small GTP-binding pro-
teins such as Ran (17). Our findings that the CIITA LRRs are
also important for nuclear localization demonstrate that sub-
cellular localization is even more complex than previously
thought and involves regions spanning more than half of the
protein. It is intriguing that one of the main Ran-binding
proteins, RanGAP, binds to Ran through an LRR domain with
a three-dimensional structure very similar to that of the RI
(20). Indeed Rna1, the first protein discovered with homology
to CIITA, has been identified as the RanGAP of yeast (2, 45).
Finding two such elements involved in nucleocytoplasmic
transport in the same molecule is highly unusual and points to
a novel mechanism.

The situation becomes yet more complex when the nonfunc-
tional mutant MT1 and the transactivation-competent mutants
MT4, MT6, MT8, and MT9 are taken into consideration. MT1
differs from the other multiple-alanine mutants by targeting
mainly residues lying outside of our consensus positions at the
N-terminal end of the b-strand of LRR 4 (Fig. 1B). These
residues were mutated because of their homology with the
LRVxx motif at the very C-terminal end of the RI (Fig. 1A).

FIG. 6. Immunoprecipitation of in vivo-labeled CIITA transfectants. Wild-
type EGFP-CIITA and EGFP-CIITA LRR multiple-alanine mutants were trans-
fected individually into HEK293-EBNA cells, and the cells were metabolically
labeled overnight with [35S]methionine. EGFP-CIITA and associated proteins
were immunoprecipitated with a GFP-specific polyclonal antiserum (Clontech),
followed by SDS-PAGE on 7.5 or 15% gels and autoradiography. (A) A 15% gel
of cells transfected with EGFP, EGFP-CIITA, and all nine EGFP-CIITA mul-
tiple-alanine mutants that abolish MHC-II transactivation. (B) Analysis of mu-
tants that have retained their transactivation potential. Arrowheads, positions of
EGFP, the CIITA-associated 33-kDa band, and EGFP-CIITA. Two of the mu-
tants, MT2 and MT11, became unstable when fused to EGFP (lanes 4 and 9).

FIG. 7. LRR-dependent nuclear localization of CIITA and MHC-II transac-
tivation through multiple protein-protein interactions. CBP, CREB binding pro-
tein; TBP, TATA-binding protein; TAFs, TBP-associated factors.
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While MT1 behaves like the other mutants in terms of trans-
activation, direct protein-protein interactions with promoter
binding complexes, and dominant-negative effect, it shows sub-
stantial in vivo recruitment to the MHC-II promoter and co-
immunoprecipitates p33 (Fig. 2 to 5).

Astonishingly, EGFP-MT1 and the functional mutants
EGFP-MT4, -MT6, -MT8, and -MT9 are also excluded from
the nucleus (Fig. 5). This result can best be explained by over-
expression, which is necessary for the fluorescence microscopy
experiments. With the help of the EGFP-CIITA chimeras we
could show clearly that amounts of CIITA which are undetect-
able by FACS or by fluorescence microscopy are sufficient to
induce substantial MHC-II expression (data not shown). In
view of their phenotype, it is not astonishing that the functional
mutants MT4, MT6, MT8, and MT9 are efficiently recruited to
the MHC-II promoter in vivo (data not shown). MT4 and MT6
show clear nuclear staining at the lowest levels of GFP fluo-
rescence that can be distinguished from background fluores-
cence, but all other mutants, including MT1 and the other two
functional mutants, MT8 and MT9, are indistinguishable. It
has to be assumed, therefore, that the amounts of CIITA
necessary for efficient MHC-II transactivation are below the
level of detection. Indeed, to date no laboratory has been able
to demonstrate localization of CIITA without substantial over-
expression (11, 19).

We can thus distinguish several levels of function in which
the CIITA LRRs are important; all LRR mutants are impaired
in nuclear localization as discussed above. Most nonfunctional
mutants fail to bind to the MHC-II promoter in vivo (such as
EGFP-MT5, -MT10, and -MT13; Fig. 4B), most probably due
to the altered subcellular localization. EGFP-MT1 binds to the
promoter in vivo (Fig. 4B) and interacts with p33 but is com-
pletely inactive in terms of transactivation (Fig. 2A). The ex-
istence of the CIITA LRR mutant MT1 is a strong indication
that the CIITA LRRs are important for nuclear translocation
and also play a more direct role in transactivation.

Figure 7 summarizes our findings. CIITA enters the nucleus
through a mechanism which is dependent on the CIITA LRRs.
A strong correlation between the binding of p33 to the CIITA
LRRs, promoter recruitment, and transactivation exists. At the
MHC-II promoter CIITA is essential for the formation of the
MHC-II “transcriptosome.” In this case it is a split transcrip-
tosome. At least in B cells the MHC-II promoter binding
proteins are capable of forming an enhanceosome-like struc-
ture through cooperative interaction even in the absence of
CIITA (reviewed in reference 39). Yet, despite the fact that at
least some of the DNA binding factors contain potential tran-
scriptional activation domains or can interact with other coac-
tivators (29), this complex is completely inert in the absence of
CIITA. Rather, the MHC-II promoter binding complex forms
a landing pad for CIITA, which interacts with it through at
least four discrete interactions, three of which have been
shown here for the first time. CIITA bridges the silent enhan-
ceosome and the basal transcription machinery through these
multiple protein-protein interactions and thus activates tran-
scription. The CIITA LRRs are critical for nuclear localiza-
tion, promoter recruitment, and transactivation. Whether
these are separate functions or different facets of the same
function remains to be seen.
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